The aim of this work was to investigate the potential of high frequency ultrasound for the cleaning of a Polysulfone (PSU) ultrafiltration membrane used in hemodialysis. The blood substitute solution flowing through the hollow fiber membrane used in the High Flux F60 dialyzers has been sonicated by ultrasonic (US) waves with 1 MHz frequency and 2 W/cm2 in situ intensity .The solution was comprised of toxic compounds such as Urea, Creatinine, Vitamin B12 and Inulin. The effect of US was represented by comparison of the clearance in both OFF and ON ultrasound conditions. The results of these studies have been demonstrated that US can enhance the permeability of the PSU dialyzer membrane. Results revealed that US had significant effect (p-value ˂ 0.05) on the clearance of Inulin as a large molecule (5200 D) and accelerated its filtration by 28%. The proposed dialysis method can be used alongside the existing dialysis machine.
Introduction
The increasing incidence of non-communicable diseases, including diabetes and high blood pressure and complications of these diseases has made physicians and policy makers more aware of chronic kidney disease and renal replacement treatment. The purpose of dialysis is to remove the amount of toxic materials and water that has accumulated in the inter dialysis period by diffusion and ultrafiltration separation processes [1] .
Long dialysis duration may challenge with daily programs as well as dialysis-related complications. The dialysis patients are mainly composed of elderly diabetic people with a heavy burden of comorbidities imposed by the disease. Therefore, reducing the time of dialysis procedure results in the reduction of these complications, bringing benefits to more patients and economic saving. It is noteworthy that dialysis adequacy should not be adversely affected by shortening of dialysis session duration.
The membrane is a decisive factor of the overall dialyzer function [2] . Membrane filtration rate reduction is one of the reasons for the long dialysis procedure. The major drawback of membrane filtration is fouling that can blind the dialyzer membrane and results in membrane performance deterioration during blood purification [3] [4] [5] . A similar problem exists in some industrial areas like wastewater treatment, desalination, food and dairy industries [6] [7] [8] [9] . Many efforts have been made in recent years to dislodge and remove foulants from the membrane surface in order to enhance solute permeation using a variety of micro/ultrafiltration membranes. A number of studies have been performed applying external forces such as forward and backward flushing, air flushing, electrical and magnetic field and ultrasound to eliminate this problem [10] [11] [12] [13] [14] [15] .
Ultrasound are the mechanical vibration of the elastic medium particles around the equilibrium position with a frequency above 20 kHz. When ultrasound is propagating in a liquid or gaseous media, a local thinning and thickening of vibrating particles of a medium occurs causing changes in its density and pressure. High intensity and relatively low frequency focused ultrasound can induce thermal and nonthermal effects in elastic media. Non-thermal effects of ultrasound appear in the form of such phenomena as cavitation, acoustic micro-streaming or strains on cell membranes. Range of biological effects induced in tissue by ultrasound depends on the acoustic parameters of the ultrasound beam used, such as local intensity, frequency, pulse duration, duty-factor and exposure time, as well as on acoustic and thermal properties of media of propagation such as density, sound speed, viscosity, thermal conductivity. Each of the above-mentioned physical parameters can in some way affect the flow of blood through the membrane. These phenomena can also prevent clogging of the membrane pores during filtration by increasing stress / strain forces and shock waves associated with cavitation [16] .
There has been a significant amount of research investigating on cleaning of industrial membrane in the presence of ultrasound [15, 17, 18] . There are a few studies conducted on the membranes used in medical equipment like dialysis filter [4, 19] . Therefore, the aim of this work was to examine the potential of ultrasound with a 1 MHz frequency and 2 W/cm 2 local intensity for cleaning the hollow fiber ultrafiltration membrane made of polysulfone (PSU) and used in a commercially available high flux dialyzer. Current study compares clearance of the blood substitute including Urea, Creatinine, vitamin B12 and Inulin in presence and absence of ultrasound used.
Materials and Methods
Experiments were performed using High-Flux dialyzer (supplied by Soha 1, Iran and was produced by Fresenius Medical Care, Germany) in five phases. The dialyzer contained hollow fiber synthetic Polysulfone membranes. Table 1 represents the characteristics of the dialyzer used in this study.
Ultrasound waves were generated by three piezoelectric flat transducers operating at a frequency of 1 MHz and maximum intensity output of 2 W/cm 2 (measured in the near field of ultrasound field) was designed in the department of Medical Physics at Iran University of Medical Sciences (IUMS). Each transducer has an area of 4 cm 2 and generated pulses with a duration of 0.3 s and a repetition period of 0.5 s. The transducers were fixed on a Plexiglas frame (Figure 1) . All experiments were run at a constant frequency of 1 MHz and intensity of 2 W/cm 2 . All efforts have been made in order to cavitation-free conditions be adopted by using a high ultrasound frequency (1 MHz) to decrease the probability of cavitation (in comparison to lower frequencies that cavitation is dominant) and a bubble trapper was used in our experiments to remove any bubbles that may produce during the ultrasound irradiation.
Penetration capability of ultrasound into the dialyzer
The shape and the absorption coefficient of the dialyzer housing material may affect the sound penetration into the dialyzer housing. Each transducer producing the ultrasonic field was calibrated separately using radiation force method. The filter or dialyzer housing was made of transparent polycarbonate elements connected by a silicone rubber O-ring and a polyurethane adhesive [20] . Membrane's fibers of the dialyzer were removed from its housing and replaced by a cylindrical-shaped thick paper. An aqueous solution of Methylene blue dye with 10 mg/l concentration was prepared. It was used as an ultrasound water bath and necessary to record the ultrasonic field pattern, if it existed. Afterwards, the paperfilled housing was immersed in the prepared solution for depicting the ultrasound pattern on the cardboard paper inside the housing. All chemicals throughout the experiments were supplied by Merck Inc. Continuous ultrasound waves at 1 MHz frequency and intensity of 2 W/cm 2 was applied to the paperfilled housing for 5 minutes at 1 cm distance between the transducers and dialyzer housing.
Temperature monitoring
Temperature control is crucial to prevent a potential damage to the blood cells at the next stage of this research. During the experiments, a constant water temperature of 37°C in the water bath was maintained by means of a thermostatic system. Water was used as a coupling medium between transducers and the filter. The temperature inside the dialyzer filter at the center of ultrasound field was measured by a NX7 digital thermometer (Hanyoung, South Korea) with a range of 0-50°C and an accuracy of ±0.5%.
Preparing the blood substitute
Blood substitute was prepared based on the Fresenius quality control procedure [21] . This solution was comprised of toxic compounds such as Urea, Creatinine, Vitamin B12 and Inulin at concentrations similar to those found in the patient's blood before starting the hemodialysis treatment. 
Ultrasonic cleaning
Three transducers were mounted on a pre-designed and built Plexiglas holder. The dialyzer was placed at an axial distance of 5mm from the radiating surface of the ultrasonic transducers as illustrated in Figure 1 . To provide a coupling medium for penetrating of ultrasound waves into the dialyzer, the system was placed in a glass tank (40 cm × 25 cm × 30 cm) as an ultrasonic bath filled with distilled water. The experimental setup is shown schematically in Figure 2 . Dialysis set (supplied by Soha 1, Iran) including arterial and venous transparent PVC tubes were used to connect the corresponding ports of the immersed dialyzer to the blood substitute and dialysate feed tank (Haake W26 bath, Thermo Electron Corp, USA). The feed tanks were controlled with temperature control system and an immersion circulator (DC3 & DC5 Haake fisons, USA) so that the liquids were kept at a constant temperature during the experiments. Both the feed baths were made of stainless steel with 24 l capacity and 34 cm × 56 cm × 40 cm dimensions. The dialyzer was fed by an EasyLoad peristaltic pump heads (Masterflex I/P, USA) at a constant pressure of 1 atm. The flow rate through the blood substitute circuit was held constant at 300 ml/min, while the flow rate through the dialysate circuit was maintained in the level of 500 ml/min. The solution temperature was kept at 37°C according to the physiological temperature of a body. The priming and soaking were conducted by passing distilled water through the dialyzer for two minutes before starting main experiments.
Sonication of Dialyzer Filtration without sonication
A sample was taken before starting the circulation (sample A 0 ). Then, the blood substitute was circulated through the HighFlux dialyzer and samples were taken every five minutes for 60 minutes (samples A 1 -A 12 ). No dialyzer sonication was occurred in this part. All samples were kept at 37°C in an incubator (Inculab, Shimadzu, Japan) until analyzed.
Filtration with sonication
The above procedure was repeated, but this time in the presence of ultrasound. A sample was taken before starting the circulation (sample B 0 ). Then, the blood substitute was circulated through the dialyzer. To measure clearance, "Blood out" concentrations were sampled periodically every five minutes for 60 minutes (samples B 1 -B 12 ) .
The effect of sonication on dialyzer cleaning was presented by comparing the clearance for both conditions: in the presence of ultrasound waves (ON) and in their absence (OFF). Sample analysis was performed using a Genesis 10 UV spectrophotometer (Thermo scientific, USA). The following equation was used to calculate the clearance.
Where C is clearance, Q Bin blood substitute input flow rate, C out output concentration and C in input concentration of each material in the samples taken. Each experiment was repeated at least three times and acquired raw data were analyzed statistically using paired t-test and SPSS v16.
Results

Figures 3-5
show the ultrasound pattern recorded on the paper inside the dialyzers housing. The intensity of ultrasound, which during the penetration of the dialyzer did not induce a significant increase in temperature inside it, was considered safe. Figure 6 shows the temperature variations in the presence of ultrasound when distilled water was flowing with constant flow rate of 300 ml/min. Temperature measurement was performed in a point corresponding to the center of the acoustic field obtained in the previous part, in order to measure the maximum heat released. During 3.5 hours of sonication of the filter, the temperature at the center of the filter was raised by 2.2°C. The experiments with the blood substitute solution were performed in presence and absence of ultrasound. Samples of 30 ml were collected from the blood substitute circuit output every five minutes. Figures 7-10 illustrate the main findings of this study that compare clearance of Urea, Creatinine, B12 and Inulin with and without exposure to ultrasound. Statistical results are presented in Table 2 , including average, SD and Pvalues. Significant changes were confirmed for Inulin clearance (p-value ˂ 0.05). Also, the Creatinine clearance displayed a negative correlation with ultrasound.
Discussion
A dramatic increase in the number of end-stage renal disease patients has made physicians and policy makers more aware of chronic kidney disease and dialysis therapy. In the current study, experiments were performed with a hollow fibercontained membrane dialysis system coupled with three ultrasonic transducers to investigate the role of ultrasonic in the clearance recovery of toxic materials. Figures 3-5 show the penetration ability of ultrasound waves across the dialyzer filter. The radial cross-sections of the ultrasonic field, recorded for the central plane of the dialyzer are clearly visible and are very similar to the field pattern reproduced on the paper by Sarvazian method [22] . The recorded patterns ensured us that the absorption, scattering and reflection did not have much effect on propagation of sound in the filter. Figure 6 shows temperature increase during 3.5 hours of sonication of the filter with distilled water flowing through the blood flow path, the maximum temperature at the center of ultrasonic field was raised by 2.2°C. In a real dialysis treatment, the dialysate is also flowing with a flow rate of 500 ml/min that causes conduction and convection effects and adjusts the blood temperature. This means that the increase in the blood temperature in a real hemodialysis process is less than our finding. This is indicating that ultrasound waves most probably have no adverse effect on the blood substructures. However, hemodialysis normally increases body temperature that should be controlled. The use of low temperature dialysate can lower the body temperature as well as increase cardiac contractility [23] .
The high flux F60 membrane used in this study has the average pore diameter of 0.01 µm and a MWCO (molecularweight cutoff) of 30 kD. The MWCO typically refers to the smallest average molecular mass of a standard molecule that will not effectively diffuse across the dialysis membrane. There is no direct correlation or conversion between a 2-dimensional metric lengths (µm) and a 3-dimensional molecular size (kD) but pore sizes typically range from 1-10 nm for 1-50 kD MWCO membranes. What this means is that the toxic materials, including Urea (60 D), Creatinine (113 D) and vitamin B12 (1355 D) that their molecular weights are much smaller than the nominal MWCO, can easily pass through the membrane due to diffusion without the need for ultrasoundenhanced membrane filtration in cross-flow. In other words, sonication with ultrasound has not a positive effect on the clearance of tested particles, as expected, but may prevent their attachment to other molecules. The obtained experimental results indicate that ultrasound waves have no significant effects on the clearance of Creatinine. Figure 7 shows the effect of ultrasound waves on filtration of hollow fiber dialysis membranes. With respect to the Fresenius Polysulfone high flux dialyzer characteristics, highflux membrane has been shown to remove a large portion of middle-weight molecules (500-2000 D) and has not a sieving coefficient of 100% for large molecules such as Inulin [21] . Therefore, Inulin can accumulate near the inner surface of the membrane a concentrated boundary layer, known as a "cake layer", can potentially clog the pores and affect the dialyzer performance, which will worsen the treatment.
Statistical analysis (p-value ˂ 0.05) indicated that the presence of ultrasound during dialysis in a blood equivalent solution has a significant effect on Inulin clearance. The results showed that in the presence of ultrasound, the Inulin clearance increased by 28%. This research demonstrated that ultrasound enhanced the permeability of the dialysis membrane due to the effect of their radiation force, mechanical movement of the dialysis fiber and acoustic streaming of the blood.
In this study, it has been attempted to approach cavitationfree condition by selecting high frequency and low intensity ultrasound [24] . Cavitation, which leads to an increase in oscillation and transient collapse of small bubbles of gas, generating shock waves, and has the potential to cause membrane damage [15] . Liquid media subjected to ultrasound at high frequency (f > 1 MHz) are particularly susceptible to the occurrence of the acoustic streaming, inducing them to vortex motions ensuring the mixing of such medium, which plays a significant role in membrane cleaning [25] .
At frequencies higher than 1 MHz, cavitation bubble collapse occurs to a lesser extent than at low frequencies, and therefore, damage to the membrane is less likely [10, 15] . The acoustic streaming increases with the increase in frequency of ultrasound waves and their intensity. As a result of increased movement of fluid due to the spread of micro-streaming, its permeability increases [24] . Ultrasound-enhanced membrane filtration has not yet been widely commercialized. The key obstacles to the commercialization of this innovative technology are the insufficient level of technology for the production of stable transducers for membrane filtration and the need to control membrane erosion, particularly when dealing with patient's life [26] .
To our knowledge, no comprehensive studies have not yet been conducted to evaluate the effect of ultrasound on the filtration of the hollow fiber dialysis membranes for cases when blood or a blood substitute flows inside the dialyzer. The first researchers who investigated the application of ultrasound to accelerate the electrolyte diffusion of electrolyte through a cellophane dialysis membrane were Li et al. They found that permeability increases with sonication time. They also stated that, the lifetime of a membrane decreases with increasing ultrasound intensity [27] . However, application of ultrasound frequently appears in many studies and recently their applications have gained extensive importance. All these studies demonstrated that ultrasound have a potential to enhance filtration of industrial membranes [15, 25] .
Shiran et al evaluated clearance of a blood equivalent solution and human whole blood flowing through a high flux dialyzer. Their findings revealed the potential capability of 1 MHz ultrasound with intensity of 1 W/cm 2 to increase the clearance of Urea and Inulin [19] . There is a compliance between our findings with the results reported in the abovementioned study. Likewise, the Inulin clearance analysis yielded good correspondence between our findings with the manufacturer's claims. Many studies showed that ultrasound has the potential to cause membrane damage, therefore ultrasound have to be used with care [15] . This work is in progress and further analysis will be reported subsequently. Further research, including assessment of pulsed ultrasound, more transducers, varied frequencies and intensities, more realistic blood substitute and other dialyzers available on the market will be performed.
Conclusion
The dialysis acceleration device proposed in this study could reduce the time necessary for dialysis and potentially save thousands of man hours for physicians, nurses, technicians, and patients, with enormous economic profit. It may be beneficial to the development of such an innovative ultrasound technology. This technology can be used as a complementary to existing dialysis equipment. The ultimate goals of such systems are to reduce the duration of the hemodialysis sessions leading to an increased availability of dialysis in patients with end-stage renal disease (ESRD) as well as to improve or at least maintain the adequacy of hemodialysis.
